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&.4eE todlowing discussion is divided into two sections, The first 


Sa brie survey of what is known about the 
mers (Jase iculits opticus i to régencrate in the main classes of verte- 
rates, 7 Phis is followed by some comments on the quality of fenc- 
tional recovery where it occurs and a consideration of the derer- 
muning factors. 


CAPACITY FOR FUNCTIONAL REGENERATION 

Mammals: Phe mammals may be dispensed with rather quickty 
becuase the evidence to date indicates thar ordinarily vision is never 
recovered fy regeneration of the optic nerve in this group (Tello, 
"07; Rossi, “09; °12; Rossi and Gastaldi, 735: stone, 38; Polyak, 41, 
Mayes, 75 ’ As a rule. interruption of the optic axons anvwhe 
along their course, even at their termination jn the lateral gcicu- 
iaté nucieus, is followed by a retrograde degeneration that extends 
peripherally into the retina to include the ganglion cells. In this 
connecuon it Is interesting that, except in early youth, degenera- 
tion of the optic axons does not follow retrograde degeneration of 
the ceils of the lateral geniculate nucleus (Polyak, ’41). 

The histological effects of intracranial transection of the. optic 
nerve i young rabbits Tess than a month old were reported in 
some derail by Rossi C12). He described considerable sprouting 
and local ourgrowth of bers uy the retina and ja the attached 


‘Poscharissky (C09) noted slowly degenerating fibers which nughe be mistaken for 
regeneration in severcd optic nerves of puy ppies and wolf cubs. Ed, 
peripheral nerve stump but these fibers did not succeed in crossing 
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the nerve scar to re-establish functional connections in the brain. 
Early reports of visual recovery following transplantation or 
reimplantation of eyes im the rat (KKoppanyi, ’23a; Koppanyi and 


Baker, °25) have not been corroborated in subsequent studies | 


(Keeler, 29; Matthews, °33; Stone, ’30; °38).t Guist (26) found 
that visual recovery was not possible in the rat if the blood supply 
was cut off from the retina tor from 15 to 30 minutes. 

I once divided the optic nerve in 18 infant rats (1941, unpub- 
lished) by merely crushing the nerve between forceps through 
a dorsolateral incision into the orbit. This left the artery and the 
dural sheath of the nerve intact but divided completely the neural 
core of the nerve. The entire procedure was visualized through a 
stereoscopic microscope. After crushing, the nerve stumps could 


_ be seen within the intact translucent sheath separated by Jess than 


0.5 mm. Two to three months later the eve showed varying de- 
grees of underdevelopment, having reached in the best few cases 
only approximately three-fourths its normal size. Visual reactions 
were absent and later examination revealed in the place of the optic 
nerve only a thin connective tissue strand apparently devoid of 
optic fibers. Much the same results. including histological observa- 
tions, have been reported recently by Favrs (52). 

The geniculostriate system appears to be equally lacking in 
regenerative vigor. Retrograde degeneration is the general rule fol- 
lowing division of the radiation fibers including merely interrup- 
tion of their cortical terminals (Polyak, 41). Fibers ending only 
a few microns away from a cortical lesion, however, may remain 
intact. 

Birds and Reptiles: The birds and reptiles also may be passed 
over quickly, not because of any well-demonstrated absence of 
regencrative capacity, but merely for lack of evidence one way or 
the other. A comparison of the results of optic nerve section In 
reptiles during winter hibernation and in midsummer might be in- 
formative.” : 





See also Collevatt C26) who believed some reflexes returned after transplanting 
rats’ eyes. Ed. 


a a 


2Central nervous regeneration was studied in the dormant adder as well as the 
hibernating dormouse to a limited extent by Rossi (10a) and his pupil, Zalla 
3 ‘ ° 

C10). Ed. 
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. 

Fishes: The picture in the fishes and amphibians stands in marked 
contrast to that in the mammal, ‘Among the fishes the ability of the 
optic nerve to regenerate and to restore vision after its complete 
transecnon seems to be widespread. All forms we have Investigated 
have shown good visual recovery. Ihis includes 7 species, 5 
inarme (Sperry, “48b) and 2 fresh warer (unpublished data on 
Gambusia holbrooki and Betta splendens) from 3 separate fami- 
hes. Recovery in another distant fresh water form has been re- 
ported by Rasquin (*49), 

It is important to emphasize that all the specimens we have 
used have been under 10 em in length. It is entirely possible that 
functional recovery would be less satisfactory in the larger fishes. 
Onset of visual recevery has been seen as early as 6 days after 
nerve transection in small marine teleosts two centimeters in length 
(Sperry, 48b). In our limited experience the marine species have 
recovered more rapidly and thoroughly than the fresh water forms. 
Macthews (33) reported a lack of visual recovery after optic nerve 
section in +- to 6-cm Fradulus heterolitus but the absence of retro- 
grade degeneration and the extensive neuroma formation he de- 
scribed suggest considerable regenerative vigor in the nerve. 

Lf the blood supply to the eve is interrupted in transecting the 
optic nerve the lens and retina generally undergo degeneration be- 
fore circulation is re-established and these structures very seldom, 
if ever, regenerate to a functional level in the fishes (Ask and 
Andersson, 33; Matthews, 33; Stone, “+0; 41). Attempts to trans- 
plant or to reimpiant the eye have been negative for the most part 
so far as visual recovery is concerned. The grafted eves frequently 
take and may appear quite normal for the first few weeks but 
then they undergo gradual regressive changes (Stone, ’40; 41). 
In only a few rare instances among hundreds of grafted eyes has 
visual recovery been reported. Koppanyi ('23a) mentions a re- 
covery of light sensitivity in fishes. Kolmer (23) conducted some 
histological studics on these preparations. More recently Rasquin 
(49) described good recovery of visual feeding reactions through 
both retmplanted eyes of a single specimen of Astyanax mexicanus 
as early as 5 weeks after operation. In 8 other specimens, 
similarly eperated, recovery failed to occur in either eve. It would 


oa oC ee 


FUNCTIONAL REGE* 


seetn that both lens and re: 
tion in both eves in this . 
the regeneration to be as ¢ 
nerve had been sectioned. 
A few years ago I was 
out of 16 renmmplanted eve- 
soporater (Sperry, “49). ¢ 
these fish were localizing 
distance of 10 em. These 





hiGtre 24. Photomicrograph of 4: 
gobius soporator) that recoveres 
erated optic nerve can be traced 
optic lobe. Ope fibers are spars 


degeneration of the retina was + 
ner 
t 


be. ascribed to the folloewn 
species physiologically aday 
(2) use of small and young 
(3) use of the free external 
the reimplanted eye in pos: 
acrated, running whole sca 
operation on the supposto 
somewhat reduced in dar. 
are critical has never bee: 
tibers were much fewer t 
of retinal degeneration wer: 


AE ER ne OR I REC ER IRB SN SEAR AC CB gm ce 


Boe wa ee nwge . . . _ oe . . . vtvpeee en = aoe. mee ce tee oj tee See ee ARTETA Ca A 
tt + TELS oe Sent as ae oo pea ow, WORE SET Reena De eres peep an, at SEE ae See BP Ee ee ar ae eg eH SPE RR CT SAAS oe RTE NMR na eV Se HE HON CEE TEE EAE ae 

Po SREP Da ges ee ae oe Pn ee aa eagtia Ee Peek ce a ROaL Saee wehe eaneege ee i {epee OTE ey Sa AT te SAE ES ge ee ae SRT ee a ee a CE ee es arn 7" > 
Boe BE Ea Sy A ACES ge eR ALA CTA Cee E co aeteg te ote 1 SEES SE Pd ee _ ae Sat vee Soe ara ae cab tote tee oe cya gl HT Pe 





bee te eR RE apt tl, dyads calle cdi tnaitipeenui eos: . _ 
FR a he Te Sok PRD ET Be SESE RIT ie Pgs oh td 


set SRLS SYSEE NG 


arenes fifa stands tnomurhesd 
wae the tishes the ability of tic 
fare arson after its complere 
Li teens we have mvestivared 

Vin wyee hrale OF Spee ft" -. 
voarer Cunpublishead data on 
sfeys) fromy 3 separate faray 
eeah water form bas been re- 


au the speciinens we hase 
orn dts entirely possible drat 
eofactory in the larger fishes. 
sear as early as 6 days atrer 
costs favo Centimeters i dengih 
Genee the niarine spectes base 
et than the fresh water foruis. 
neof recovery after optic nerve 
feos but the absence of rerre: 
wo penroma forniation he de- 
save Vigor in che nerve. 
srerrupted in transecting he 
undergo degeneration be- 
ofthese structures very: seldons. 
vefain the fishes CAsk and 
VAL)  Acremprs to trans- 
on negative for the most part 
1 Vhe grafted eves frequenths 
itor the firse few weeks but 
ay changes (stone, +0, 42). 
_ bundreds of grafted eves fas 
opanyvy f 23a) Mentions a re- 
lrobuer €23) conducted some 
anions, More recently Rasguin 
etal feeding reactions through 
ceunen of ofytyailax WeXICUHUS 
ssag. dn 8 other specimens, 
eovcurin either eye. Ir would 





FUNCTIONAL REGENERATION IN THE OPTIC SYSTEM 69 


seem that both lens and retina must have survived the reiunplanta- 
tion in both eyes in this one animal. Photomicrographs showed 
the regeneration to be as good as in the group in which only the 
nerve had been sectioned. 

A few vears ago J was able to get good visual recovery in 7 
out of 16 retmplanted eves using the marine teleost, Batby gobius 
soporator (Sperry, 49). One week after the onset of recovery 
these fish were localizing accurately small 3-mm objects at a 


distance of 10 cm. These results are atypical, however, and can 
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Fiuere 24. Phoromicrograph of an oblique transverse section from a fish (Pathy- 

vobits § soporator thar recovered vision after reimplantation of eve. The regen- 

erated optic nerve can be traced through almost its entire course front retiia to 

aptic lobe. Opric fibers are sparse comparca to a normal nerve. Partial patchy 

degeneration of the retina was evident particularly in the central arca, Bodian 
protargol method. 


be ascribed to the following: (1) selection of a hardy tudepool 
species physiologically adapted to withstand low oxygen tensions; 
(2) use of small and young specimens only 1.5 to 2.0 cin in length, 
(3) use of the free external cornea possessed by this species to hold 
the replanted eve in position, and (+) placing the fish in well- 
aerated, running whole sea water in a darkroom inunediately after 
operation on the supposition that retinal metabolisin might be 
somewhat reduced in darkness. Which of the foregoing factors 
are critical has never been determined. The regencrated optic 
fibers were much fewer than in the nermai nerve and patches 
of retinal degeneration were evident in all cases (kig. 24). 
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Urodele Amphibians: The vrodeles have been more extensively comacton that the optic 
studied than any of the other vertebrates, probably in part be- talpole staves, dacks the 
cause of the greater success in obtaining visual recovery, especially Sy Sone, HU. Shy. by 
after eye transplantation. In a long series of experiments that ex- Sait the retina frequent: 
tends back into the latter third of the eighteenth century (for dupat an oratred exes bes 
leading references sec Keeler, °29; Mangold, 31; Matthews, 733. Wo have since diacrs. 
Matthey, °25; ’26a, b: Reyer, 48; Stone, 730; ’50) it has been mae oaterrupdine the bles 
shown that the transected optic nerve regenerates readily in both wevery ob vision as obi: 
larval and adult urodeles to bring good visual recovery. More than sams species pichudine 
this, an entire new retina can be regenerated in the adult following Pacha and Bufanidac 
degeneration of the old retina as occurs after temporary inter- Pod ENG Gupaeity fer fis 
ruption of the blood supply in eye transplantation and sometimes Do fiiberown adalis or - 
In Optic nerve section. The newly regenerated retina sprouts a moantene the Nuyadto 
new optic nerve that generally connects with the brain to bring Phasing established of. 
good recovery of vision. | ved faactonal reaenercn: 
In his extensive studies of transplanted eyes Stone has been SOODNCP afenipt to trans 
able to show further that the adult Triturus eve can be trans- hI recovery yn | 
planted as many as + times with recovery of vision in each moe ad POMOPRtOM Of Visca: 
of the new hosts (Stone and Farthing, 42) and chat vision can be oo NGuine froes that awere 
recovered after the eyes have been refrigerated for as long as 7 Soo Phe eve underianes + 
days before transplantation (Stone, 46). He also has demonstrated eats the rednaand opti 
visual recovery after transplanting eves between two different od fogeneration that an) 
species of Amblystoma (Stone, 730). | oeee toa pera higher perce: 
Finally, it has been found that the secondary intracentral fiber Pes ta appose the ner. 
tracts that link the mesencephalic optic lebe with the lower bulbar hoo day these experimen: 
and spinal centers are capable of functional regeneration fellow- eppestte oring and averte. 
ing their transection in adult T. wiridescens (Sperry, 48a). Phe 
transcctions Were inade just anterior to the cerebellum and involved QUALITY OF 


all fiber tracts passing through this level. Specific functional tests 
were run only for the optic system but presumably function was ; me 
restored in the other fiber systems as well, judging from the gradu- COE Postenurantien in 
al disappearance of nearly all of the early postoperative abnormali- morse come must deal war 
tics in posture and movement. 

Anuran Amphibians: In the early 1920s Koppanyi (23) in- 
cluded frogs and toads among the various vertebrates in which 
he had seen recovery of vision after eye transplantation. Failure 
to confirm these findings in subsequent studies led to a growing 
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conviction that the optic nerve of frogs and toads including their 
tadpole stages, lacks the power to regenerate (Cole, "25; Keeler, 
"29. Stone, “40; "41). This inference was based largely on the fact 
that the retina frequently survived in apparently excellent con- 
dition in grafted eyes but failed to form an optic nerve. 

We have since discovered that if the nerve is transected with- 
out interrupting the bluod supply excellent regeneration aud re- 
covery of vision is obtained in both Jarval and adult anurans of 
many species including representatives of the famulies Hylidae, 
Ranidae and Bufonidae (Sperry, 44; 45a). It is my impression 
that the capacity for functional regeneration tends to fall off im 
the full-grown adults of the largest varieties of anurans particular- 
ly among the Raaidae. 

Having established that the anuran optic nerve is capable of 
good functional regencration under favorable conditions, we made 
another attempt to transplane the eve. As in earlier investigations 
no visual recovery was found in tadpole stages (J4 cases) but 
good restoration of vision was obtained in 2 out of 16 transplants 
in young frogs that were in the process of metamorphosis (Sperry, 
45a). Lhe eye undergoes rapid enlargement at this time and appar- 
ently the retina and optic nerve have a higher potenual for survival 
and regeneration than at earlier or later stages. It should be pos- 
sible to get a higher percentage of successful recovery if care were 
taken to oppose the nerve stumps and to properly orient the eve- 
ball. In these experiments the eves had been transplanted to the 
opposite orbit and inverted on the dorsoventral axis. 


QUALITY OF THE RECOVERED VISION 


The problems involved in obtaining orderly functional recov- 
ery after regeneration in the optic system illustrate the kind of 
thing one must deal with wherever the question of functional 
restoration is met following regeneration im the central nervous 
system. 

No attempt has vet been made to test systematically cither vis- 
ual acuity or brightness discrimination following optic nerve regen- 
eration. It seems highly probable, owing to the loss of optic fibers 
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and their failure to find adequate central ccrnunations, that the We find thar the Peapiires 
restoration of acuity is below normal in varying deerces. I have is restored after rewore ranean | 
seen tree frogs with recovered vision leap accurately to catch house — in-urodole and anuran amps 
flies at a distance of 40 em and similarly fish at a distance of 20 and whether the origingi ee 
em would turn and swin directly at minute crumbs of food no nerve has formed frag, you. 
longer than one millimeter which were slowly sinking in the AXONS QEISING from any pore: 
water, The results in general indicate that the recovered visual predilection to form theiy cou 
acuity may approach a normal level under favorable conditions. in a matching locus of ch, | 
Tests of color perception after optic nerve regeneration have lt has been conchidet 
not been described in the literature. A fey vears ago we found must ditter from one aati: 
thar fishes (Gumbuysia holbrooki) with regenerated optic nerves Heurons of the optic teensy 
would feed from an orange-colored ring suspended in the Water suggested that the reqiitsed 
and would avoid similar rings colored black, white or gray sus- vecral neurons could he ach. 
pended along side after cues other than color such as position, pat- tion of the retinal and tects 
fern, odor, etc., had been ruled out (Sperry and Deupree, un- differcnetation would havo i 
published). The color discrimination had been trained before optic axes in order to stamp the rs 
herve section and apparently did not have to be relearned after unique properties, Phe sais 
regeneration. Based oa only 3 cases that survived with recovered | cum. 
vision, these findings require further mvestigation. Dhe orderly recovery of re: 
More conclusive results have been obtained with reference to ed for on the basis of sclectis¢ 
optokinetic reactions, the localization of small objects in space Fie chemoaffinities berween 
and the perception of the direction of movement of sinall ob- retinal and tectal fields. One de 
jects (Sperry, “42; 43a, b: ort, ASa; “48b; 749; 75 1a, b; Stone, 748). projection in these lower vert 
AIL show that the spatial local sign properties of points in .the area projection with consider. 
retinal field are restored in an orderly manner. The recovered of neighboring retinal fibers. | 
visuomotor co-ordinations are quite normal provided the eye is fibers undergo extensive arboi: 
normally oriented in the orbit and the regenerated fibers connect | dendrites of the rectal neuron 
with the correct side of the brain. If, on the other hand, the eye rick, 717) to farther favor the 
is rotated 180° in its orbit the animals behave as jf everything in | One pictures numerous conrae 
the visual ficld appeared upside down and reversed front-to-back. hber with only the appropriat: 
If the eye is transplanted to she opposite orbit with only one axis | tained in a functional stare by ! 
imverted the animals respund as if che visual field were reversed Possibly numerous terminal tr 
on only the one axis. [If the optic nerves connect to the wrong side - propriate connections underys 
of the brain, objects co one side of the midline are falsely localized eral the proper patterning of ss 
to a corresponding point on the opposite side. Combinations of | nent is thought to proceed On 
such anatomical rearrangements yield intermediate forms of visual here for regeneration, not 39 
behavior correlated directiy with the anatomical disarrangements. | throughout the nervous system 
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We find that the foregoing applies in all cases where vision 
is restored after regeneration in the optic system, 1. e., in fishes and 
in urodole and anuran amphibians, m both larval and adule stages, 
and whether the original nerve has regenerated directly or a new 
nerve has formed from a newly regenerated retina. It is as if optic 
axons arising from any point in the retinal field possess an intrinsic 
predilection to form their central functional relations with neurons 
ina matching locus of the optic tectum. 

It has been concluded from the results that the optic fibers 
must differ from one another in quality as must also the central 
neurons of the optic tectum on which they terminate. We have 
suggested that the required specificity of the optic axons and 
tectal neurons could be achieved through a polarized ditferentia- 
tion of the retinal and tectal fields in development. The retinal 
differentiation would have to proceed on at Jeast two separate 
axes in order to stamp the neurons of every retinal locus wath 
umigue properties. The same applies to differentiation of the tec- 
tum. 

The orderly recovery of retinal local sign can then be account- 
ed for on the basis of selective central svnapsis regulated by speci- 
fic chemoatfinities between neurons of matching spots in the 
retinal and tectal fields. One does not picture a rigid point-to-point 
projection in these lower vertebrates but rather a point-to-focal 
area projection with considerable overlap in the terminal areas 
of neighboring retinal fibers. Presumably the regenerating optic 
fibers undergo extensive arborization within the tectum. Also the 
dendrites of the tectal neurons themselves spread widely (Eler- 
rick, ’17) to further favor the possibility of appropriate contacts. 
One pictures numerous contacts being made by cach ingrowing 
fiber with only the appropriate ones being reinforced and main- 
tained in a functional state by the specific interneuronal affinities. 
Possibly numerous terminal branches which fail to establish ap- 
propriate connections undergo atrophy and resorption, In gen- 
eral the proper patterning of synaptic relations in normal develop- 
ment is thought to proceed on much the same basis as pictured 
here for regeneration, not in the visual pathways alone bu 
throughout the nervous system (Sperry, ‘51a, b). 
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Local lesions restricted to a particular quadrent of the Optic 
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Figure 25, Photomicrographs of sections through regenerated anuran optic nerves 
Impregnated by the activated Protargol method of Bodian. A, Band C are fron 
specimens of Hyla crucifer in which optic nerves were cross-connected tO wreng 
Qpsilateral) side of brain. In A regenerated optic fibers streain dorsalward jn 
midbrain at their entrance into the left optic tectum. In B a superficial secrion 
through the up of the right tectum shows how terminal branches of optic fibers 
spread erratically in all directions within the tecetom. In © the regenerated optic 
fibers are shown in higher magnification entering the brain at the lower jeft and 
turning direetly dorsalward in an ipsilateral cract leading to the left optic lobe. 
D is a frontal section throveh the chiasiia region of a tree (Ravaa clanutans } 
which recovered vision that was functionaliy inverted after transplantation of the 
right eye into the left orbit. 


of the visual field. Similar lesions after optic nerve regeneration 
produce scoromata in the same sectors of the visual field (Sperry, 
? - 7 ye . * . a ~ . _ 
44 )suggesting that the regenerating fibers do indeed re-establish 
their functional] linkages with cells in the same locus of the 
optic lobe, 
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secular quadrant of the optic In an unpublished srudy I found that lesions interrupting the 
, in corresponding quadrants medial optic tract in the normal frog (A. cinerea) preduce a blind 
eo area in the dorsal sector of the visual field directly over the frog’s 
eer oe am “ | head. similar lesions: alter regeneration tended to be less effective 
rr hee sa - in general and left fairly good vision in 4 to 7 cases in the same 
. oe Sole meg dorsal sectors. These preliminary findings suggest that the re- ; 
ASS oe : pores generating optic fibers destined for different quadrants of the 7 
a, ne an ae i * tectum do not necessarily have to become segregated in the optic 
: . “ a i" ‘ Oe . tracts before they re-enter the tectum. Fibers entering the tectum 
Co ae \. a at its lateral border may make their Way to terminations among 
et \ eS cells of the medial quadrant. In line with this, the course of fibers . 
hae { 3 neh ce ee in the outer optic stratum of the tectum after regeneration is not - ve 
af Sy oo | one | of orderly parallel alignment. The fibers at any locus appear - 
et UES s lo to run irregularly in all dircetions in a random network (Fig. 
TSE Es 25B) 
Ce ES E The orderly restoration of visuomotor functions follow Ing 
wth BIT regeneration of the tectobulbar and tectospinal tracts (Sperry, 
ae ee 48a) indicates that the fibers of these tracts and also the down- 
re rt ee stream neurons im the bulb and cord on which they terminate 
| ONE 2 are both subject to a high degree of qualitative specificity. If either 
. eee aoe, : the regenerating fibers or the downstream neurons were all alike 
e Pgh Coe and indistinguishable one from another there would be no way 
J Be cos .. in which differential reflex relations could be re-established on an 
nigh regenerated anuran opre nerves orderly plan, ie, with functional readjustment eliminated as 
ud of Bodian. A, B and C are froin . 
yes were eross-connceted to wrong was shown by the results of eve rotation. 
 opuc fibers stream dorsalward in When added to the data on the opac nerve the findings on the 
‘tectum, In Boa superficial section 
sw terminal branches of optic fibers tectospinal system aloag with similar observations on central ner- 
- rectum. In C the regenerated optic vous regeneration in the spinal dorsal roots (Miner and Sperry, 
eee een ee eke corks lobe ‘50; Sperry, ’51b), in the trigeminal tracts (Miner and Sperry, 
revion. of a frog (Rana clatittains } "50; sperr v5 "Sa, b: 5 Sperry and A\tiner, ’- +9) and in the root and 
taverted alter transplantation of che tracts of the vestibular nerve (Sperry, ’45b; 751b) give further 
indication of the widespread nature of the phenomena illustrated 
iter optic nerve regeneration above in the optic system (see also Weiss, 36; 41). If our inter- 
1s of the visual field (Sperry, pretation of the data is correet an orderly recovery of normal 
» Abers do indeed re-establish function after central nervous regeneration generally requires a 
in the same locus of the _ selective termination of specific fiber types on specific types of 
| down-stream neurons. A possible exception might be in regions 
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where functional readjustment could compensate for abnormal] 
synaptic relations. What evidence we have on this problem 
(Sperry. “45c) indicates that the central nervous system even of 
man is definitely Jimited, particularly in the subcortical regions, in 
its abuity vo correct for disarrangements of nerve fiber connections, 
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